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Hydrogen uptake was measured for platinum doped superactivated carbon at 296 K where hydrogen spillover was
expected to occur. High pressure adsorption measurements using a Sieverts apparatus did not show an increase in
gravimetric storage capacity over the unmodified superactivated carbon. Measurements of small samples (∼0.2 g) over
long equilibration times, consistent with the reported procedure, showed significant scatter and were not well above
instrument background. In larger samples (∼3 g), the hydrogen uptake was significantly above background but did not
show enhancement due to spillover; total uptake scaled with the available surface area of the superactivated carbon.
Any hydrogen spillover sorption was thus below the detection limit of standard volumetric gas adsorption measure-
ments. Due to the additionalmass of the catalyst nanoparticles and decreased surface area in the platinumdoped system,
the net effect of spillover sorption is detrimental for gravimetric density of hydrogen.
1. Introduction
Carbonaceous materials with high surface area have attracted
widespread attention as candidate hydrogen storagematerials.1-5
Nevertheless, their weak hydrogen binding has remained an
obstacle to meeting hydrogen storage capacity requirements for
mobile applications at ambient temperature. It has been proposed
that an enhancement of the hydrogen storage capacities of
physisorptive materials can be gained by hydrogen spillover from
a metal catalyst onto the adsorbing surface.6-12 Hydrogen spil-
lover is dissociative chemisorption of dihydrogen onto a metal
particle followed by migration of hydrogen atoms onto the
surface of the bulk material and subsequent diffusion away from
the receptor site.13-15 Platinum, palladium, and nickel have been
studied as metal catalysts for spillover, while materials including
zeolites, metal-organic frameworks (MOFs), and nanostruc-
tured carbons were used as host materials. The spillover concept
is well documented for heterogeneous catalysis,15 but has only
recently been studied as a hydrogen storage mechanism. Reports
of remarkable increases in hydrogen uptake for these systems
have generated much further research, even toward enhancing
contact between the metal sites and the substrate surface via
carbonized “bridges”.9However, the details of hydrogen spillover
are not understood. This is partly because of the challenging task
of detecting atomic hydrogen in spillover systems and partly
because of the inherent difficulties in accurately measuring small
changes in hydrogen uptake at room temperature. Although
direct observation of atomic hydrogen has been recently demon-
strated by transmission electron microscopy on a single graphene
sheet,16 volumetric measurements of hydrogen uptake are never
this sensitive. Investigations using inelastic neutron scattering also
recently yielded evidence of the formation of new C-H bonds on
the surface of activated carbon fibers after spillover from palla-
dium clusters; however, reversibility was unclear and enhance-
ment attributed to spillover was not tested at high pressures.10
Interestingly, no theoreticalmodel can account for the substantial
enhancement of hydrogen uptake capacity in carbon materials
due to spillover reported by experimental invesitgation.10,17-19
In the present study, the hydrogen spillover effect was carefully
tested in the simplest experimental system. Platinum nanoparti-
cles directly dispersed on high surface area superactivated carbon
were used as the metal receptor sites for hydrogen dissociation.
Platinized carbon was the standard system studied in the dis-
covery of the spillover phenomenon,13 in the benzene hydrogena-
tion experiments that later confirmed the spillover mechanism,14
and in the first reports of spillover enhancement to hydrogen
storage capacity.6,7 Platinummetal does not form a bulk hydride
phase, and therefore, only surface chemisorption is expected
(unlike palladium). While “bridging” is reported to increase
hydrogen uptake by spillover,9 this phenomenon is not essential
for spillover to occur and was not the topic of this study. A
commercially available superactivated carbon (MaxsorbMSC-30)
was selected for its close similarity to AX-21, a high surface
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area carbon material previously used in spillover experiments.
Hydrogen uptake isotherms of the platinum-containing samples
(Pt-MSC-30) weremeasured at room temperature (296K), where
spillover is expected. Synthesis and adsorption experiments were
carried out in the most straightforward and standard way for
corroborating the effect, following the steps reported by Li and
Yang.8 In all 0.2 g samples, the size used in previous spillover
studies, H2 uptake was not substantially above instrumental
background as measured by standard volumetric techniques. In
experiments using a larger sample (>3g), specific excess hydrogen
uptake in Pt-MSC-30 was well above background, but it was
found to be less than that in unmodified MSC-30 at high
pressures.
2. Experimental Methods
2.1. Synthesis.MaxsorbMSC-30 superactivated carbonwas
obtained from Kansai Coke & Chemicals Company, Ltd. It was
stored at 393Kunder vacuum inaBuchi glass oven. ThePt-MSC-
30 samples were prepared by incipient wetness impregnation, in
an analogous method as that for Pt/AX-21.8 For each sample,
200mgof driedMSC-30was dispersed in acetone andmagnetically
stirred for 30 min at room temperature. A 2 mL solution consist-
ing of 50mgofH2PtCl6 in acetonewas thenaddeddropwise to the
stirringMSC-30 solution over 5min. The slurrywas removed and
placed in an ultrasonic bath (50 W, 42 kHz, 1.9 L capacity) for
60 min and then magnetically stirred at room temperature for
24 h. The acetone was evaporated by heating the sample at 333 K
for 12 h. The dry mixture was transferred to a ceramic boat and
immediately placed in He flow inside a horizontal quartz tube
furnace to preventmoisture uptake. The furnacewas preheated to
393K and held for 2 h under constantHe flow. For reduction, the
gas flow was switched to H2 and the furnace was heated to 573 K
and held for 2 h. The flow was again returned to He, and the
furnace allowed to cool to room temperature over 30 min. Each
sample (∼0.2 g) was sealed in a glass vial in Ar atmosphere and
stored in a glovebox. A large number of 0.2 g Pt-MSC-30 samples
(∼40) were prepared and then combined to achieve sample sizes
up to 3.2 g. Sample characterization was undertaken to ensure
that individual syntheses yielded consistent products before com-
bining them. Prior to hydrogen adsorption, the samples were
degassed in vacuum at 573 K for 12 h. Sample mass, measured in
the degassed state, was varied from 0.2 to 3.4 g for isotherm
experiments of Pt-MSC-30 and pure MSC-30.
2.2. Characterization.Nitrogen isothermsweremeasured at
77 K for MSC-30 and Pt-MSC-30. These measurements were
made with a Micromeritics ASAP 2420 instrument, and surface
areas were calculated using the Brunauer-Emmett-Teller (BET)
method as implemented by Micromeritics ASAP 2420 version
2.02 software. X-ray diffraction (XRD) experiments were per-
formed using a PANalytical X’Pert Pro powder diffractometer
with Cu KR1,2 radiation. High resolution transmission electron
microscopy (TEM) images were collected on a Tecnai TF30
instrument operated at 300 keV. Scanning transmission electron
microscopy (STEM) images were acquired with a high angle
annular dark field (HAADF) detector. Samples were prepared
for TEMbydispersing a finely groundmixture of Pt-MSC-30 and
isopropanol on a holey carbon grid. Thermogravimetric analysis
(TGA) was performed using a TA Instruments Q500 analyzer
with a purge mixture of Ar/air in low flow (20 mL min-1) and
normal flow (70 mL min-1) conditions, respectively. The tem-
perature ramp was 10 C min-1 to 100 C, held at 100 C for
30 min, then increased 10 C min-1 to 1000 C, and held for
10 min.
2.3. Hydrogen Uptake Measurements. Hydrogen uptake
isotherms were measured with a custom volumetric Sieverts
apparatus at room temperature.20,21 The apparatus was equipped
with a digital cold cathode pressure sensor (I-MAG, Series 423), a
high resolution pressure manometer (MKS Baratron, model
120AA), a midrange (3000 psi) pressure manometer (MKS
Baratron, model 833), and a molecular drag pump to achieve a
measurable pressure range of 10-5-107 Pa. Temperature was
measured on the wall of the manifold and on the inner and outer
wall of the sample holder using K-type and platinum resistance
(PRT) thermocouples. Gas densities were determined from tem-
perature and pressure using the REFPROP Standard Reference
Database.22 The system was leak tested over 1-20 h steps up to
7MPaandshowedamaximumleakrateof1.4 10-5molh-1ofH2.
If fitted to an exponential decay function, n(t) = n0 exp(-kt)
where k is the leak rate, this corresponds to a maximum leak of
k∼ 10-8 s-1which is negligible for short timemeasurement.23The
total volume of the apparatus, depending on the pressure gauge
and sample holder selected, was 50-80 mL. The true volume of
the sample was subtracted from the empty volume of the sample
holder using a skeletal density of 2.1 g mL-1 measured by helium
expansion. Hydrogen was exposed to the sample at incrementally
higher pressures over the course of each isotherm in uniform
equilibration steps, ranging from 0.5 to 24 h per step in different
experiments. The system was not returned to vacuum in between
steps, and the measured hydrogen uptake was cumulative from
step to step. Hydrogen desorptionwasmeasured by an analogous
method. The sample was evacuated to <10-5 Torr at room
temperature between adsorption/desorption cycles.
High pressure adsorption measurements of over 12 h duration
showed significant scatter in all samples smaller than 0.5 g.
Leakage, pressure history, and background adsorption were
investigated. It was found that background adsorption in the
empty sample holder at room temperature over long steps was
comparable to the total uptake measured in 0.2 g samples.
Equilibration time between isotherm steps and number of steps
were varied to analyze these effects. Increasing the number of
adsorption points and the duration of time for equilibration at
each point significantly affected measured uptake, for measure-
ments bothwith andwithout sample. Themost effective approach
to minimizing effects of background adsorption was to increase
sample mass. It has been recommended that, to avoid numerous
pitfalls of hydrogen sorption experiments on carbon mate-
rials,23,24 a sample mass of >1 g is best. A 20 mL sample holder
was used to accommodate approximately 3 g of sample. It is
always necessary to subtract a unique background of empty
sample holder adsorption from each isotherm measurement of a
sample using the same number of isotherm points at roughly the
same pressures and with identical technique.
3. Results
3.1. Materials Characterization. The BET surface areas of
MSC-30andPt-MSC-30weremeasured tobe 3420and2810m2g-1,
respectively. The surface area of MSC-30 is larger than that
of Anderson AX-21, reported as 2880 m2 g-1.8 The decrease in
surface area of MSC-30 upon adding Pt nanoparticles is consis-
tentwith the reported data forAX-21. This can be explained byPt
particles blocking or filling pores in the superactivated carbon.
Diffraction patterns of MSC-30 and Pt-MSC-30 are shown in
Figure 1. The broad peak centered at 2θ= 43 for pure MSC-30
is consistent with that reported for AX-21. The peaks in the Pt-
MSC-30 pattern at 2θ= 39.9 and 46.4 are the (111) and (200)
(20) Bowman, R. C., Jr.; Luo, C. H.; Ahn, C. C.; Witham, C. K.; Fultz, B.
J. Alloys Compd. 1995, 217, 185–192.
(21) Purewal, J. J.; Kabbour, H.; Vajo, J. J.; Ahn, C. C.; Fultz, B. Nanotechno-
logy 2009, 20, 1–6.
(22) Lemmon, E.W.; Huber,M. L.;McLinden,M.O.NIST Standard Reference
Database 23: Reference Fluid Thermodynamic and Transport Properties -
REFPROP 2007, Number Version 8.0 in Standard Reference Data Program.
(23) Kiyobayashi, T.; Takeshita, H. T.; Tanaka, H; Takeichi, N.; Zuettel, A.;
Schlapbach, L.; Kuriyama, N. J. Alloys Compd. 2002, 330-332, 666–669.
(24) Tibbetts, G. G.; Meisner, G. P.; Olk, C. H. Carbon 2001, 39, 2291–2301.
DOI: 10.1021/la9046758 15483Langmuir 2010, 26(19), 15481–15485
Stadie et al. Article
reflections of the cubic platinum crystal structure. No platinum
oxide peaks were detected, suggesting fully reduced Pt metal
nanoparticles in the sample. From the widths of the diffraction
peaks, the mean crystallite diameter was calculated with the
Scherrer equation to be 3.6 nm (using the Scherrer constant
K= 0.83 for spherical particles).25
TEM studies on Pt-MSC-30 showed a distribution in size of
Pt particles from 2 to 10 nm in diameter, consistent with the 7 nm
size from the Scherrer equation. TEM images at three magnifica-
tions are shown in Figure 2. The nanoparticles were highly
dispersed on the surface of the activated carbon in all areas
examined. This was further verified by HAADF microscopy,
where intensity is proportional to Z2 (Z is atomic number);
platinum scatters electrons much more strongly than the carbon
support and was readily observed in the form of small nanopar-
ticles throughout the material. X-ray Energy-Dispersive Spectro-
metry (XEDS) data were not consistent from region to region,
and this was not a reliable method to determine the Pt content in
Pt-MSC-30. Rather, platinum content was resolved from TGA
datawhich showed amarked loss ofmass between 375 and 415 C,
presumably oxidation of the organic components. The remaining
mass at 1000 Cwas attributed entirely to platinumandwas 7.4%
of the total. This value is less than the value of 12% predicted by
stoichiometry for the synthesis.
3.2. Hydrogen Uptake Isotherms. Hydrogen uptake iso-
therms were measured for MSC-30 and Pt-MSC-30 at room
temperature, varying the sample size from 0.2 to 3.4 g. Similar
isotherm measurements for aluminum blanks of comparable
volume (0.1-1.5 mL) were used to determine the background
adsorption of the empty sample holder. A comparison of mea-
sured hydrogen uptake (in mg H2) as a function of pressure is
shown for Pt-MSC-30 and an empty sample holder in Figure 3. In
measurements with small samples (0.2 g), adsorption equilibrium
was difficult to determine as room temperature fluctuations
continued to slowly change pressure readings even after 60 min.
Therefore, equilibration step durations between 0.5 and 24 hwere
performed, and results compared. The room temperature iso-
therm data for small samples of Pt-MSC-30 showed uptake
varying from 2.5 to 3.7 mg H2 at 7 MPa with larger apparent
uptake for longer time of measurement. Temperature changes of
even1 Cover the course of an isothermstepwere also found tobe
highly correlatedwith large apparent uptake during that step. The
problemmay originate with the small temperature dependence of
the pressure readings. This becomes a very important error for
small samples at room temperature where the resolution of the
pressure measurement has an important effect on the very small
amount of uptake calculated. Hydrogen uptake in 0.2 g samples
was a factor of 2 greater than that of the empty sample holder
(background), but variations were also of this order (see
Figure 3). In samples of mass >3 g, uptake was a factor of
10 greater than background and showed smooth curvature over
the course of the experiment despite fluctuations in temperature.
Hydrogen uptake isotherms for large samples (>3 g) of
Pt-MSC-30 and unmodified MSC-30 at room temperature,
Figure 1. XRD patterns of Pt-MSC-30 and unmodified MSC-30.
Figure 2. TEM images of Pt-MSC-30 at (a) 4753000 and (b)
676600 magnifications. (c) STEM image obtained using a
HAADF detector, verifying the successful dispersion of Pt nano-
particles throughout sample.
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corrected for empty sample holder adsorption, are shown in
Figure 4. Uptake is reported in wt %, which is defined here as
mass of H2 per total mass (sample þ H2). Equilibrium was
reached in less than 60 min between each isotherm step and was
easily distinguished from continued adsorption. In pureMSC-30,
the isotherm showed constant uptake as a function of pressure
between 0 and 2 MPa. At pressures above 2 MPa, the slope
decreased. At 6.7 MPa, hydrogen uptake in MSC-30 was
0.62 wt %, consistent with reported values for MSC-30 to within
0.06 wt %.4,5 This value was reproducible upon cycling to well
within experimental error, to which we assign an upper bound of
(0.01wt% (see the Supporting Information). InPt-MSC-30, low
pressure data showed a steep initial uptake of hydrogen between
0 and 0.01MPa and then a similar constant slope region toMSC-
30between 0.04 and 2MPa.The slope of the isotherm inPt-MSC-
30 also decreased slowly at pressures above 2 MPa. Hydrogen
uptake at 7.1 MPa was 0.54 wt % in the Pt-containing sample on
the first adsorption cycle, lower than that for the unmodified
MSC-30. This value decreased by up to 0.01 wt % in subsequent
adsorption cycles (see the Supporting Information). Interpolated
hydrogen uptake values at 7 MPa are summarized in Table 1.
4. Discussion
In pureMSC-30 at room temperature, the uptake of hydrogen
showed Henry’s law behavior in the low pressure region as
expected for low coverage physisorption on activated carbon.
The Henry’s law constant was 0.1 kg kg-1 MPa-1 at 296 K. The
steep hydrogen uptake between 0 and 0.01 MPa in Pt-MSC-30
indicated very favorable initial chemisorption of hydrogen onto
Pt nanoparticle surface sites. After these sites were filled, Henry’s
law physisorption of H2 on the carbon surface occurred in Pt-
MSC-30 as in unmodifiedMSC-30. The Henry’s law constant for
this physisorptive region was also found to be 0.1 kg kg-1MPa-1
at 296 K, suggesting that the same adsorption mechanism is
responsible for uptake in both the Pt-containing and unmodified
samples at pressures above 0.01 MPa. As pressure increased,
the slopes of both isotherms decreased from the Henry’s law
value due to increased interactions between adsorbed molecules.
In Pt-MSC-30, this effect was more apparent because of the
additional mass of the Pt. At 0.7 MPa, the H2 uptake isotherms
intersected at 0.08wt% (see the Supporting Information). Similar
results were also reported for Pd particles on a lower surface area
Maxsorb variant.26
The addition of Pt nanoparticles to MSC-30 affects only the
initial chemisorption at low pressure. The reduced uptake for the
room temperature Pt-MSC-30 system at 7 MPa can be readily
estimated bymaking the assumption that the individual contribu-
tions of the heavier Pt particle mass (7.4% of the sample) and
reduced surface area carbon support (linearly rescaled) were
simply additive. In this way, the H2 uptake was calculated to be
0.50 wt %, close to the measured value. The difference between
these values is attributed to a small amount of hydrogen chemi-
sorbed on the surface of the Pt particles.
Spillover has been reported to dramatically enhance H2 uptake
in a similar system, Pt/AX-21, at room temperature, at high
pressure, and for 0.2 g samples over long (∼1 h) equilibration
steps between isotherm points.8 All of these conditions risk sub-
stantial error accumulation using a standard Sieverts apparatus.
Figure 3. Equilibrium adsorption isotherms of H2 on Pt-MSC-30
samples of varying mass compared to background adsorption by
the empty sampleholder (containing analuminumblank) at 296K.
Uptake is shown inunits ofmass ofH2detected asmissing from the
gaseous state or adsorbed by the system.
Figure 4. Equilibrium adsorption isotherms of H2 on MSC-30
and Pt-MSC-30 at low pressures (inset) and high pressures up to
7MPa at 296K.Uptake is shown for a large sample (∼3 g) in units
of wt % (mass H2 per total mass of sample þ H2, including Pt in
Pt-MSC-30).
Table 1. BET Surface Areas (SA) and Hydrogen Uptake Capacities
Reported for MSC-30, Pt-MSC-30, a Similarly Prepared Pt Doped
Superactivated Carbon, Pt/AX-21, and Its Precursor, AX-21
material BET SA (m2 g-1)b H2 uptake (wt %)
c
MSC-304 2680 0.56-0.59
MSC-305 3250 0.6
MSC-30a 3420 0.64
Pt-MSC-30a 2810 0.53
AX-218 2880 0.5
Pt/AX-218 2518 0.9
aFrom this study. bMeasured using N2 at 77 K.
cMeasured using H2
at 300 K and 7 MPa.
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Importantly, the sources of this error (leaks, temperature fluctua-
tions, pressure hysteresis, and empty sample holder adsorption)
are expected to cause an apparent increase in measured uptake,
as opposed to a decrease. Small samples (0.2 g) of Pt-MSC-30
used in this study showed varying hydrogen uptake capacities
in different experiments depending on the time allowed for
equilibration, up to (0.6 mg H2 at 7 MPa and 296 K. Error
of this magnitude may normally not be encountered at low
(cryogenic) temperature and short equilibration time, or simply
be ignored when overall uptake mass is much higher in the
material. However, for 0.2 g samples of Pt-MSC-30, this con-
tributed an error in reported uptake of (0.3 wt % at 7 MPa
and 296 K; this error is unacceptably high when total uptake is
0.6 wt %.
Experiments that require adsorption measurements of carbo-
naceous materials at room temperature over relatively long
equilibration steps must utilize large sample masses to remedy
these errors. The same error of (0.6 mg H2 at 7 MPa and 296 K
observed for a 3.2 g sample of Pt-MSC-30 is a factor of 10 smaller
in wt %, contributing a possible increase in measured uptake of
up to 0.02 wt %. In large sample experiments, after an initial
chemisorption at low pressure, platinum served only to increase
the total mass of the sample and decrease available surface area
for physisorption, thereby effecting a lower specific uptake of H2
at high pressures.
5. Conclusions
Although spillover may have occurred during hydrogen uptake
in Pt-MSC-30, it was below the detection limit of standard volu-
metric gas adsorption experiments. The upper bound on the
amount of hydrogen that participates in spillover is 10-3 wt %
which is outside of the accuracy of storage capacity measurements
and is not a substantial enhancement for practical applications. The
presence of Pt particles on superactivated carbon proved ineffective
for increasing hydrogen uptake by spillover. After a small chemi-
sorption at pressures below approximately 0.1 MPa, the platinum
served to increase the overall mass of the material and decrease the
available surface area, thereby decreasing the overall capacity.
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